The effects of transient ischemia on the meta bolic responsiveness of a well-defined brain circuit were investigated with [14CJ2-deoxyglucose autoradiography, Rats underwent 30 min of severe forebrain ischemia fol lowed by postischemic recirculation periods of I, 2, 3, 5, and 10 days, At these times, unilateral whisker stimula
tion was carried out, resulting in the metabolic activation of the whisker barrel circuit. An altered pattern of glu cose utilization within both stimulated and non stimulated circuit relay stations was observed at I, 2, and 3 days following ischemia. At I day, stimulus-evoked increases in metabolic activity were severely depressed within both the ventrobasal thalamus and layer IV of the cortical barrel field region. Baseline metabolic rate within non stimulated relay areas was also severely depressed at this time. At postischemic days 2 and 3, moderate levels of increased glucose utilization were apparent overlying cortical layer IV and the superficial half of layer VI, while layers I, II, III, and V appeared less responsive to metabolic activation. By day 5, whisker stimulation re sulted in normal levels of increased glucose utilization When discussing functional recovery following an ischemic insult, one is concerned with what strategies are best suited to document the recovery process. Although restitution of cerebral energy metabolites such as phosphocreatine and ATP is most likely necessary for functional recovery, studies have shown that energy metabolism may be restored in the absence of functional recovery [see review by Siesj6 (1978) ]. Likewise, signs of electro physiological recovery, such as revival of EEG and of evoked responses following ischemia (Hossmann and Sato, 1970a,b; Branston et aI., 1976; Heiss and Rosner, 1983a) , may be only remotely related to the return of normal brain function. Finally, conven tional neuropathological techniques cannot give in formation concerning functional restitution or de tect subtle structural changes that nevertheless may give rise to functional deficits.
The 2-deoxyglucose (2-DG) autoradiographic technique established by Sokoloff et al. (1977) may be used to demonstrate the effects of experimen tally induced alterations of functional activity on glucose utilization. This technique of visualizing evoked metabolic responses autoradiographically offers a method by which to map the functional or ganization and responsiveness of selective brain circuits (Hand, 1981; Sokoloff, 1981) . Local meta bolic activities revealed by the 2-DG method are related to the electrical activity of the nervous system (Miyaoka et a!., 1979; Yarowsky et a!., 1980) , and represent a means by which to document pictorially and quantitatively the metabolic respon siveness of the postischemic brain.
In the present study, we have combined the 2-DG autoradiographic technique with peripheral activa tion induced by unilateral whisker stimulation. In rats and other rodents, there is a one-to-one rela tionship between the organization of the large facial whiskers and anatomically distinct units within the primary somatosensory cortex (Woolsey and Van der Loos, 1970) . Input from the peripheral sensory organs projects to the contralateral cortex through three synapses: in the ipsilateral trigeminal nucleus (Belford and Killackey, 1979) , in the contralateral ventrobasal thalamus (Van der Loos, 1976) , and in the contralateral primary somatosensory cortex. There, cell bodies in layer IV are arranged in units called barrels within the posteromedial barrel sub field. Forty-five minutes of whisker stimulation fol lowing a pulse injection of 2-DG results in focal in creases in glucose utilization within the dense and highly localized synaptic terminations of this neural system (Hand, 1981; Dietrich et a!., 1985) .
It was our goal to determine the time course of functional restitution following a severe ischemic insult as indicated by the metabolic responsiveness of this brain circuit. A rat model of severe forebrain ischemia that gives rise to both chronic animal sur vival and predictable histopathological alterations was used. In addition to cortical alterations, the metabolic responsiveness of subcortical relay sta tions, which could influence the pattern of cortical activation, was also studied.
METHODS

Animal model
Tw enty-three male Wistar rats weighing 250-350 g were used. Experimental rats were subjected to global cerebral ischemia by the method of Pulsinelli and Brierley (1979) . The procedure consists of temporary bi lateral ligation of the common carotid arteries in animals with prior permanent occlusion of the vertebral arteries. A two-stage preparation was employed. In the first stage, anesthesia was induced with 3% halothane and main tained with 1.5% halothane, 70% nitrous oxide, and a bal ance of oxygen delivered by a closely fitting face mask.
Both vertebral arteries were electrocoagulated, and an imals were allowed to recover from surgery. One day later, nonfasted rats were briefly anesthetized with 3% halothane and restrained in a plaster body cast so that the ischemic insult could be produced in the awake state.
Ligatures consisting of a loop of PE-lO polyethylene
tubing contained within dual-bore Silas tic L tubing were placed gently around each previously dissected common carotid artery. Rats were then allowed to recover from the effects of anesthesia for 2 h. To initiate the ischemic insult, the loops were pulled tightly against the end of the J Cereb Blood Flow Metab, Vol. 6. No.4, 1986 Silastic tubing to occlude the carotid arteries. Hemostatic forceps applied to the tubing maintained this condition for 30 min. Rats were excluded from the study if they did not remain completely unresponsive during the 30-min ischemic insult or if they developed seizures during the postischemic period. The insult was terminated by loos ening and removing the carotid ligatures. The carotid ar teries were then inspected and massaged to ensure that patency was reestablished. Rats were next removed from their body casts and placed in cages with free access to food and water. Postischemic recirculation of 1, 2, 3, 5, and 10 days was permitted before 2-DG study. Four sham-operated control rats underwent all experimental procedures except for the tightening of the carotid liga tures and were allowed to survive for either 2 or 10 days.
2-DG method
On the day of the 2-DG experiment, rats were anesthe tized with halothane for the insertion of arterial and venous catheters and restrained in a plaster body cast.
They were then allowed to recover from the effects of anesthesia and surgery for at least 2 h. To activate the vibrissae barrel circuit, all the large whiskers on one side of the rat's face were cut to equal lengths and stroked two to three times per second with a hand-held brush for 5 min before and 40 min following a pulse injection of �20 j.LCi of 14C-labeled 2-DG (2-[1-14C]deoxY-D-glucose, spe cific activity 45-55 mCi/mmol; New England Nuclear) dissolved in isotonic saline. To control for possible hemi spheric asymmetries, the side of the face on which the whiskers were stimulated was alternated. Arterial blood samples were withdrawn at frequent intervals, and plasma aliquots were assayed for their radioactive con tent by liquid scintillation counting and for their glucose content by means of an automated glucose analyzer (Beckman). Forty-five minutes after the injection of 2-DG, the rats were killed by intravenous injection of KCI. Brains were quickly removed from the cranial vault and frozen over liquid nitrogen. The brains were later warmed to -20°C and sectioned in a cryostat. Coronal sections, 20 j.Lm thick, together with [l4C]methylmeth acrylate standards (Amersham) were exposed to Kodak SB-5 x-ray film for 10 days. The resulting autoradiograms were digitized on a rotating-drum scanning densitometer (Optronics) interfaced to a PDP 11/44 minicomputer that displayed and quantitated local CMRglu (LCMRgl u) (Goo chee et aI., 1980). Region-of-interest analysis was carried out by means of a square cursor of user-identifiable size.
Multiple readings were obtained from both ipsilateral and contralateral relay stations of the barrel field circuit from both experimental and sham-operated control animals.
Statistical analysis
Data were analyzed by one-way analysis of variance, and statistical significance was assessed by Scheffe's S test and Dunn's multiple-comparison procedure (Kirk, 1982) . Paired Student t tests were used to compare stimu lated and non stimulated structures in individual animals.
RESULTS
Control and experimental rats exhibited stable arterial blood pressures and normal physiological variables prior to the 2-DG study (Table 1) . Arterial Values are means ± SO. Physiological readings obtained just prior to 2-deoxyglucose study. Control values were obtained from two 2-day and two 10-day sham-operated rats. MAP, mean arterial pressure.
plasma glucose was 10,56 ± 0,94 (SD) f,Lmol/mi in nonfasted, preischemic rats,
Control rats
Unilateral whisker stimulation of sham-operated control rats resulted in an asymmetrical pattern of glucose utilization within brain sections taken at the levels of the trigeminal medullary complex, the ventrobasal thalamus, and the cortical barrel field region ( Fig. 1) . Compared with the levels of LCM R g1u within nonactivated whisker barrel relay stations (i.e., contralateral trigeminal medullary complex, ipsilateral ventrobasal thalamus, and ipsi lateral posteromedial barrel subfield), glucose utili zation increased to 221 % of control within the ipsi lateral trigeminal medullary complex, 144% within the contralateral ventrobasal thalamus, and 159% within the contralateral posteromedial barrel sub field (Table 2) . Within the barrel field region, in creased glucose utilization extended from layer I down to the superficial portion of layer VI, with the largest increase in LCM R g1u occurring over layer IV (Fig. 4) . No difference in LCM R g1u within activated circuit relay stations was observed between the 2and IO-day sham-operated control rats. Values from these two sham-operated control groups were therefore combined. Side-to-side comparisons within individual control rats revealed that vibrissal stimulation led to a significant increase in LCM R g1u within all activated structures (Table 2) .
Experimental rats
An altered pattern of glucose utilization within both activated and nonactivated cortical barrel field regions was observed following ischemia (Table 2 ; Fig. 2 ). At 1 day, LCM R g1u within layer IV of the nonactivated barrel field was significantly de pressed compared with control. LCM R g1u remained depressed by 18-33% at postischemic days 2 and 3, and had normalized by day 5. The ability to acti vate the barrel field region metabolically was also significantly depressed at postischemic day 1 (Fig.  2) . Autoradiograms demonstrated an absence of in-creased glucose utilization overlying layer IV of the activated barrel field ( Fig. 3a) . At postischemic days 2 and 3, LCM R g1u within the activated barrel field remained significantly depressed (65-72% of control). At both periods, stimulation-evoked in creased glucose utilization was apparent in autora diograms overlying layer IV and the superficial portion of layer VI, with layers I, II, Ill, and V ap pearing less responsive to stimulation ( Fig. 3c ). Side-to-side comparisons of activated and nonacti vated layer IV failed to demonstrate a significant difference in LCM R g1u at 1 and 3 days following ischemia (Table 2) .
By postischemic day 5, the metabolic response to whisker stimulation within layer I V of the activated cortex had normalized (Fig. 2 ). This normal re sponse was associated with an abnormal laminar pattern of glucose utilization within other cortical layers ( Fig. 3d ). Within the activated cortical re gion, stimulation-evoked increased glucose utiliza tion was mainly restricted to layer IV and the su perficial portion of layer VI, with layer V appearing hypometabolic as compared with sham-operated control animals. Quantitative analysis demon strated a 20% decrease in LCM R g1u overlying layer Va t 10 days compared with control values (Fig. 4) . Side-to-side comparisons failed to show a signifi cant difference between activated and nonactivated values at this experimental period.
Within both the activated and the nonactivated ventrobasal thalamus, glucose utilization was sig nificantly depressed at postischemic day 1 com pared with sham-operated controls (Table 2; Fig. 2 ). Autoradiograms demonstrated an absence of in creased metabolic activity within activated tha lamic nuclei associated with the stimulated set of whiskers at this time (Fig. 3b ). By days 2 and 3, LCM R g1u within the nonstimulated ventrobasal thalamus was still depressed compared with that of controls, with glucose metabolism on day 3 aver aging 80% of sham-operated control values (Fig. 2) . Within the stimulated ventrobasal thalamus, glu- cose utilization at postischemic day 3, although not significantly different from control, was also de pressed, with the mean value of LCM R g1u being �75% of control. Between 5 and 10 days, LCM R g1u was similar to sham-operated control values within the activated and the nonactivated ventrobasal nu clei.
No alterations within the capacity of the tri geminal medullary complex to respond to whisker stimulation were demonstrated during the study pe riod (Table 2; Fig. 2) . Additionally, values of LCM R glu within the nonactivated nuclei did not vary from sham-operated control values.
DISCUSSION
These results demonstrate that periods of tran sient ischemia produce both reversible and more permanent effects on the capacity of the central nervous system to respond to sensory activation. 2-DG autoradiography combined with activation of a specific brain circuit appears to be a sensitive method by which to document quantitatively the metabolic responsiveness of the postischemic brain. In that the method allows information to be obtained concerning the metabolic state and re sponsiveness of the various relay stations within a circuit, aberrant patterns of activation resulting from ischemic injury may also be recorded in both cortical and subcortical structures.
The model of experimental ischemia utilized in the present study results in uniformly severe isch emia to forebrain regions including the neocortex and striatum, with blood flow being reduced to <3% of control values (Ginsberg, 1980; Puisinelli et aI., 1982b) . Within the thalamus, the average blood flow is moderately reduced to < 18% of control values, whereas blood flow within the brainstem is reduced to only 26% of control levels. Owing to the lack of severe brainstem pathology, chronic animal survival is possible, with predictable neuropatho logical consequences (Pulsinelli et aI., 1982a ; W. D. Dietrich et aI., unpublished observations). Within the neocortex, these include scattered ischemic cell change within layers III, V, and VI; the thalamus may be focally involved. Infarcts are uncommon in this model, and major white matter tracts appear intact. In the absence of severe neuronal necrosis, it is unclear what mechanisms account for the se verely depressed capacity of this circuit to respond metabolically to activation during the early post ischemic period. Acute cerebral ischemia is known to initiate a progression of biochemical (Lowry et aI., 1964; Goldberg et aI., 1966; Siesj6 and Ljung gren, 1973; Welsh et aI., 1982) , physiological (Bran- Values are means ± SD. expressed as fJ.. mollI 00 g/min. Ratios and differences were computed as the mean of values in individual rats. Significantly different from contralateral nonactivated brain structure by pairwise t test: "p < 0.05: b p < 0.01. Significantly different from sham-operated control by one-way analysis of variance: 'p < 0.05: d p < 0.01. ston et aI., 1974; Astrup et aI., 1977) , and hemody namic (Hallenbeck, 1971; Ginsberg et a\., 1978; Levy et aI., 1979; Pulsinelli et a\., 1982h) events that might be expected to influence postischemic functional recovery.
In the present study, the earliest postischemic time at which the 2-DG method was employed was 1 day following the ischemic insult. Although the lumped constant and kinetic constants of the 2-DG model were not evaluated in postischemic animals, we believe that the time points of this study were far enough removed from the ischemic insult itself as to justify the use of published values for these constants derived in normal rats (Sokoloff et aI., 1977) . Several lines of evidence support this view. First, histopathological analysis of brains subjected to this insult demonstrate that neocortical neurons exhibit only scattered ischemic cell change; the ma jority of neurons as well as the neuropil remain in tact (P ulsinelli and Brierley, 1979; Pulsinelli et aI., 1982a; W. D. Dietrich et aI., unpublished observa tions) . Second, neurochemical studies in this model have shown that the brain glucose pool is entirely replenished by I h of postischemic recirculation and remains so during the subsequent 24� 72 h (P ul sinelli and Duffy, 1983) . In addition, mean plasma glucose levels during the 2-DG studies of this series were 7 .8� 10.7 J-Lmollml (Table I ). Based upon this information and utilizing the nomogram analysis formulated by Pardridge et al. ( 1 982), we would ex pect for the lumped constant to be normal at the postischemic time points of this study.
While resting glucose metabolism is severely de pressed between 1 and 3 days, high-energy metabo lites such as ATP and phosphocreatine are normal ized. Studies by Pulsinelli and Duffy (1983) have demonstrated the nearly complete recovery of high-energy stores and the normalization of lactic acid during the first 4 h of reperfusion in this isch emia model. These data and findings from other in vestigations that have studied metabolic restitution following extended periods of ischemia (Hinzen et aI., 1972; Ljunggren et aI., 1974) suggest that de pressed tissue energy state is not responsible for the failure of postischemic metabolic activation. Likewise, ion gradients that are severely disturbed even after short periods of ischemia have been shown in experimental studies to return gradually to normal with relatively short periods of recircula tion (Hossmann et aI., 1977; Siemkowicz and Hansen, 198 1) . Postischemic hypoperfusion may persist in specific brain regions for up to 24 h fol lowing 30 min of severe ischemia (Pulsinelli et aI., 1982b) . In that depressed metabolic activation per sists for 3 days, hemodynamic abnormalities do not appear to be responsible for the present findings. It should be noted, however, that in most of these studies, rather large portions of brain tissue were analyzed-a methodological approach that may not be sensitive to more focal alterations occurring within regions such as circuit relay terminations. Experimental cerebral ischemia severely de presses protein synthesis (Kleihues and Hossmann, 197 1; Yanagihara, 1976; Cooper et aI., 1977) . Dienel et al. (1 980) have shown in rats subjected to 30 min of ischemia that protein synthesis is inhibited by Vol. 6, No.4. 1986 83% during the first hour of recirculation in brain regions made severely ischemic. In these studies, recovery of protein synthesis was slow; in some cases, full recovery took up to 48 h. Inhibition of protein synthesis might result in the delayed syn thesis of metabolic enzymes such as hexokinase, an enzyme that regulates glucose phosphorylation and appears to be concentrated in synapse-rich areas (Wilson, 1972) .
Altered neurotransmitter function is also a common occurrence following periods of transient ischemia [see review by Lust et aI., (1985) ]. Most studies have shown that noradrenaline and sero tonin decrease during ischemia and recirculation (Brown et aI., 1974; Lavyne et aI., 1975; Calderini et aI., 1978; Gaudet et aI., 1978; Pastuszko et aI., 1985) . Studies using a variety of animal models have shown brain dopamine levels to decrease (Mrsulja et aI., 1976; Pastuszko et aI., 1985) , to re main unchanged (Gaudet et aI., 1978) , or to in crease (Kogure et aI., 1975) during ischemia. A de rangement in the metabolism of amino acids fol lowing ischemia was demonstrated by Ljunggren and co-workers in 1974. Lust and colleagues (1975) measured amino acid levels for up to 6 h of recircu lation following a 30-min ischemic insult in gerbils. Their data demonstrate a 4.5-fold increase in "1aminobutyric acid (GAB A) while norepinephrine, dopamine, and 5-hydroxytryptamine decreased. In agreement with these findings, Folbergrova et al. (1974) also demonstrated an increase in GABA levels following 15 min of recirculation and a de crease in glutamate and aspartate. It is of possible relevance to the issue of depressed postischemic metabolic activation that the increase affected the level of amino acid with inhibitory properties (GABA), whereas decreases affected those of an excitatory nature (glutamate and aspartate) (Siesjb, 1978) . Questions that currently must be addressed are how long these neurotransmitter abnormalities persist and whether they normalize at postischemic periods when baseline or activated metabolic rate returns to normal levels.
Between 5 and 10 days, both baseline and acti vated levels of metabolic rate within the major relay stations had returned to sham-operated con trol levels. The restoration of the capacity for meta bolic activation is therefore a slow process under the present experimental conditions. The electro physiological consequences of cerebral ischemia have been shown to be dependent on both the se verity and the duration of the ischemic insult (Hvssmann and Sato, 1970a; Branston et aI., 1976; Heiss and Rosner, 1983b) . Previous electrophysio logical studies examining neuronal function fol-lowing ischemia have been limited to fairly short postischemic periods. Nevertheless, failure of com plete recovery of evoked responses (Branston et aI., 1976) , secondary suppression of postischemic O2 and glucose uptake (Hossmann et aI., 1976) , or irreversible abolition of cellular activity (Heiss and Rosner, 1983a) in less chronic studies following se- vere ischemia may be related to the present meta bolic findings. Postischemic metabolic dysfunction persists for 2 or 3 days when some delayed histopathological changes are just becoming evident in this ischemia model (Pulsinelli et a!., 1982a; Petito and Pulsinelli, 1984) . Owing to the lack of widespread ischemic damage, the failure of early functional recovery does not appear to be attributable to irreversible cell damage. In contrast, the results suggest that the early failure of metabolic activation is related to widespread reversible factors that normalize at a time when only a small percentage of neurons are dead or in the process of dying. The transient in ability to activate metabolically the trigeminotha lamic circuit in the absence of severe brainstem ischemia most likely illustrates the profound func tional consequences of ischemia affecting white matter pathways.
Recently, experimental studies have documented the selective vulnerability of dend�itic processes to ischemia in the hippocampus (Johansen et aI., 1984) . Additionally, Sloper et al. (1980) demon strated selective damage to interneurons within the motor cortex of monkeys following controlled hyp oxia. Selective damage to cortical interneurons or synaptic elements might be expected to alter normai metabolic activation patterns. Our present data demonstrate that at 5 and 10 days, unilateral whisker stimulation results in increased glucose utilization mainly over layer IV and the superficial half of layer VI, with layer V appearing less re sponsive to stimulation. Layer IV and to a lesser extent layers V c and VIa of the somatosensory cortex are known to receive dense projections from the thalamus (Wise, 1975; Herkenham, 1980; Kil lackey, 1983) . Postischemic cortical activation therefore appears to be most prominent within pri mary thalamic cortical projection layers, possibly the result of depressed intracortical communication between the other layers. It should be noted that our description of the metabolic profiles of indi vidual cortical laminae was limited by the resolu tion of the autoradiographic procedure, which is �100 fLm (Goochee et a\., 1980) .
In summary, the present results document the depressed metabolic responsiveness of the brain following a transient ischemic insult that persists for 2 or 3 days. This time period is significantly longer than previously reported depressions of neu rophysiological indexes such as EEG and cvoked potentials, which may return within hours after se vere ischemia (Hossmann and Sato, 1970u,h; Pul sinelli and Brierley, 1979) . The ability to activate brain relay stations is depressed during a time when postischemic resting metabolism is also depressed. This may suggest that similar mechanisms are re sponsible for both depressed postischemic baseline metabolism and depressed metabolic activation. It is important to point out that the brain regions ex amined in this study were areas rich in synaptic ter minals. Synaptic dysfunction following transient ischemia appears to persist for days-a conse quence that would be expected to play an important role in functional restitution.
Finally, our results demonstrate that when meta bolic activation does return, the cortical activation pattern is different from that occurring in normal animals. Structural damage to intracortical circuits may therefore have occurred but lies beyond the resolution of routine light microscopic analysis. Special morphological techniques such as Golgi im pregnation staining or the ultrastructural analysis of the synapse-rich areas are required to test this hy pothesis. These results may be of potential clinical interest in that although functional recovery occurs in patients following periods of transient ischemia, the exact manner by which sensory information is processed in these individuals may be altered owing to structural damage induced by the isch emic insult.
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